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a b s t r a c t

Although immune modulation by AhR ligands has been studied for many years, the impact

of AhR activation on host defenses against viral infection has not, until recently, garnered

much attention. The development of novel reagents and model systems, new information

regarding anti-viral immunity, and a growing appreciation for the global health threat posed

by viruses have invigorated interest in understanding how environmental signals affect

susceptibility to and pathological consequences of viral infection. Using influenza A virus as

a model of respiratory viral infection, recent studies show that AhR activation cues signaling

events in both leukocytes and non-immune cells. Functional alterations include suppressed

lymphocyte responses and increased inflammation in the infected lung. AhR-mediated

events within and extrinsic to hematopoietic cells has been investigated using bone marrow

chimeras, which show that AhR alters different elements of the immune response by

affecting different tissue targets. In particular, suppressed CD8+ T cell responses are due

to deregulated events within leukocytes themselves, whereas increased neutrophil recruit-

ment to and IFN-g levels in the lung result from AhR-regulated events extrinsic to bone

marrow-derived cells. This latter discovery suggests that epithelial and endothelial cells are

overlooked targets of AhR-mediated changes in immune function. Further support that AhR

influences host cell responses to viral infection are provided by several studies demonstrat-

ing that AhR interacts directly with viral proteins and affects viral latency. While AhR clearly

modulates host responses to viral infection, we still have much to understand about the

complex interactions between immune cells, viruses, and the host environment.
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1. Anti-viral host defenses are important
targets for modulation by environmental factors

Numerous preventive and therapeutic agents have been

developed, yet viral infections continue to pose a significant

and persistent health threat, causing substantial morbidity,

mortality and socioeconomic losses worldwide [1,2]. Respira-

tory infections are among the top 10 leading causes of death,

and common respiratory pathogens such as influenza viruses

have the potential to cause pandemic illness. Although the

past 20 years has seen tremendous advances in our under-

standing of immune responses to viral infection, we still do

not fully understand why there are differences among

individuals in susceptibility to and pathophysiological con-

sequences of viral infection.

Many differences in susceptibility can be attributed to

gender, age, and host genetics [3]. However, these factors alone

are not sufficient to account for variation among individuals

infected with the same viral subtype. Thus, additional elements

likely influence host responses and clinical outcomes following

infection. There is mounting evidence that environment and

exposure to pollutants are important but overlooked factors

that influence responses to viral infection [4–7]. For many types

of pollutants some facets of immunotoxicity have been

considered, but an impact on host defenses against viral

infection has not been explicitly examined. However, for

pollutants that contain AhR ligands data from multiple

experimental systems collectively demonstrate clear immuno-

modulatory effects, including alterations in responses to viral

infection. Several epidemiological reports show that exposure

to environmental contaminants that contain AhR ligands

correlates with increased incidence of respiratory infections

and alterations in immune cell function [8–12]. Moreover,

studies using rodent models show that exposure to AhR ligands

impairs host resistance to viral infection. For example, mice

exposed to TCDD have a decreased ability to survive infection

with herpes virus type II [13], coxsackie virus B3 [14], and

influenza A viruses [15–18]. In fact, decreased host resistance to

influenza A virus is often touted as one of the most sensitive

adverse effects of TCDD; however this depends upon many

factors, including viral subtype and level of exposure [19].

The focus of this review will be to explore existing evidence

that environmental signals delivered via the AhR influence

anti-viral immune defenses. The majority of information

regarding how AhR modulates the immune response to viral
infection comes from studies using mouse models of infection

with human influenza A virus. Therefore, much of this review

will focus on this experimental system, with particular

emphasis on new developments in our understanding of

direct targets of AhR action. To put these research findings

into broader context, a brief review of the key elements in play

during infection with influenza virus is provided. We will also

discuss information from other viral models, identify gaps in

our knowledge, and suggest approaches to delineate more

precisely how AhR modulates anti-viral immune responses.
2. Infection with influenza virus stimulates
innate and adaptive immune responses, which
result in viral clearance

When influenza viruses enter the respiratory tract, they trigger

a series of events that, inan immune competent individual, lead

to the successful clearance of the virus (Fig. 1). This response is

initiated by respiratory epithelial cells, which, in addition to

serving as a physical boundary between the host and environ-

ment, initiate the host’s responseto infection. Primary infection

causes rapid leukocyte infiltration and the release of numerous

cytokines and chemokines. Although different signals regulate

the extravasation of specific cell types across endothelial and

epithelial barriers, the result is that leukocytes migrate into the

lung in two distinct phases: an early or innate response and a

later or adaptive response. The innate immune response

involves the recruitment of macrophages, neutrophils and

natural killer (NK) cells, which are found in the lung within 12–

48 h of infection, and persist for 5–7 days. Although they utilize

distinct mechanisms to accomplish their job, macrophages,

neutrophils and NK cells kill infected cells and release

chemoattractive and inflammatory mediators that stimulate

activation and recruitment of additional cells [20].

The activation of respiratory dendritic cells (DCs) is another

critically important innate response to viral infection. DCs

take up viral antigens and migrate to draining lymph nodes,

where they present viral peptides to CD8+ and CD4+ T

lymphocytes in the context of MHC class I and class II

molecules [21–23]. When properly activated by DCs, virus-

specific T cells clonally expand and differentiate into virus-

specific effector T cells. CD8+ T cells differentiate into

cytotoxic T lymphocytes (CTL), which can be detected in the

lung starting about 6–7 days after infection [16,24], but they do



Fig. 1 – Host immune response to influenza virus infection.
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not reach peak levels in the lung until 8–10 days after infection,

a timeframe that correlates with complete viral clearance

[25,26]. While virus-specific CD8+ CTL emigrate to lung and

directly kill infected cells, virus-specific CD4+ T cells do not

directly kill infected cells. Instead, they facilitate the genera-

tion of memory CD8+ T cells and direct B cell activation and

antibody isotype switching [27–29]. Virus-specific antibodies

are formed during a primary response, but their essential

function is immune protection against repeated infection.

After the virus is cleared, a small pool of memory

lymphocytes remains in the lung and lymphoid organs. When

the same or antigenically similar viral strain is encountered

again, these memory lymphocytes provide rapid protective

immunity. It is generally considered that CD8+ CTL are the

principal means for viral clearance and host resistance in a

primary infection, whereas both virus-specific antibodies and

CD8+ CTL are important during memory responses [27,29,30].

Disruption of any aspect of these responses can have a

significant and detrimental impact on clinical outcomes

following respiratory viral infection. Unchecked stimulation

of innate responses can cause excessive damage to healthy

tissue, and insufficient activation of lymphocytes can result in

impaired viral clearance, reduced formation of memory

lymphocytes, and lower levels of protective antibodies. Thus,

it is by working together in a properly tuned system that innate

and adaptive immune responses provide effective protection

from primary and repeated viral infections.
3. AhR is a known immune modulator

Immune suppression by AhR ligands, such as TCDD, has been

studied for many years and several recent reviews provide
comprehensive summary of this literature [31,32]. Yet, it is

important to recall several aspects of immune modulation by

AhR ligands. First, AhR is expressed in bone marrow-derived

cells such as T and B lymphocytes, neutrophils and macro-

phages, and findings generated using AhR-deficient mice

indicate that the immunomodulatory effects of TCDD are

AhR-mediated [26,32–34]. While the exact mechanism of AhR-

mediated immunomodulation is unknown, the cannonical

pathway of AhR activation is well characterized. In this

pathway, AhR ligands, such as TCDD, bind to the receptor in its

inactivated state in the cytosol. Once bound by ligand, the

receptor translocates into the nucleus and dimerizes with the

aryl hydrocarbon receptor nuclear translocator (ARNT). This

heterodimer then interacts with aryl hydrocarbon responsive

elements (AhREs) in the enhancer of AhR target genes,

promoting the transcription of genes such as the drug

metabolizing enzymes Cyp1a1 and Cyp1b1 [35]. Second,

AhR-dependent changes in immune function are not limited

to TCDD, as other AhR ligands, such as certain polychlorinated

biphenyls and polyaromatic hydrocarbons, cause similar

immunomodulatory effects [31,32,36]. Whether or not AhR-

deficient (AhR�/�) mice have alterations in immune system

development and function is an area of active research, and

likely depends upon the specific strain of mouse and facet of

the immune system being studied [26,32–34,37,38]. For

example, mice deficient in AhR have been shown to have

different B cell maturation profiles compared to wild-type

mice; however, the functional effects of these differences have

yet to be defined [39]. Despite these gaps in knowledge, it is

clear that the immune system is sensitive to modulation by

AhR. With regard to anti-viral immunity, AhR ligands have

been reported to impact various aspects of the response to

viral infection, which are summarized in the following
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sections. The specific consequences vary among the different

viruses and model systems used; however the fundamental

message is clear: AhR activation modulates components of the

response to viral infection.
4. AhR activation alters innate responses to
influenza virus infection

AhR activation decreases survival from infection with a non-

lethal dose of influenza A virus [15,16]. Others have reported

similar effects on host resistance using lethal viral challenges

[17,18,40]. Initially, it was postulated that decreased survival

was due to an inability to clear virus; however, TCDD-treated

mice clear virus from their lungs with kinetics similar to

control-treated mice, and there is no change in the overall

pulmonary viral burden [17,41,42]. In fact, some studies have

shown that influenza A virus replication may actually be

inhibited by neutrophil recruitment [43,44], however whether

or not this inhibition is affected by AhR activation remains

unknown. These findings suggest that other mechanisms

underlie the decreased survival from influenza virus infection.

One likely mechanism is the increased recruitment of

neutrophils to the lung. Compared to infected controls, about

twice as many neutrophils are found in the lungs of infected

mice treated with TCDD (Fig. 2A). Excess neutrophils are
Fig. 2 – AhR activation modulates innate and adaptive immune

Mice were treated (p.o.) with 10 mg/kg TCDD (closed circles) or p

infected with influenza A virus (T31, H3N2) 1 day later. Mice we

0 refers to uninfected mice. (A) The average number of neutrop

counts. (B) The average level of IFN-g in bronchoalveolar lavage

influenza virus nucleoprotein (NP)-specific (NP366–374/Db+) CD8+ T

treatment also reduces the number of NP366–374/Db+CD8+ T cells

average number of IFN-g+ CD8+ T cells in the MLN was determi

overall level of IFN-g produced by these cells (D, inset shows IF

determined by ELISA. Error bars indicate S.E.M.; *denotes a stat

(n = 4–8 mice/group/day); p = 0.05).
observed in airways and lung interstitium of TCDD-treated

wild-type mice, but are not observed in lungs of TCDD-treated

AhR�/� mice [33].

This increase in neutrophils is of great interest for several

reasons. During uncomplicated respiratory viral infection, the

recruitment of neutrophils to the lung is commonly observed;

however, excessive accumulation of neutrophils during

infection has been linked to immune-mediated pathology

and death [45–49]. For example, recent reports suggest that

during the 1918 Spanish influenza pandemic, uncontrolled

neutrophilia was associated with mortality from influenza-

related complications [46]. Neutrophil recruitment has also

been implicated in the acute pathology of other viral infections

such as respiratory syncytial virus (RSV), herpes simplex

virus-1 (HSV-1) and cytomegalovirus (CMV) [45,47–49]. What

factors trigger heightened pulmonary neutrophilia during

viral infection remain uncertain; but recent findings suggest

that controlling neutrophil recruitment may provide an

important but overlooked means to improve clinical outcomes

during viral infection [36,44,46,50].

Not only has the relationship between excessive neutrophil

recruitment to the lung and enhanced immune-mediated

pathology been demonstrated in other systems, but it has also

been established that AhR-mediated excessive neutrophil

recruitment contributes to decreased survival and more

severe bronchopneumonia in TCDD-treated, infected mice
responses in the lung and mediastinal lymph node (MLN).

eanut oil vehicle control (open circles) and intranasally

re sacrificed on the indicated days relative to infection; day

hils in lung airways was determined by differential cell

fluid was measured by ELISA. (C) The average number of

cells in the MLN was determined by flow cytometry. TCDD

in the lung (C, inset, day 8 post-infection shown). (D) The

ned by flow cytometry. TCDD treatment also reduces the

N-g levels from MLN cells 8 days after infection), as

istical significant difference between treatment groups
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[33]. Moreover, this effect of TCDD on neutrophil recruitment

may not be unique to the response to influenza virus, as it has

been reported in model systems using non-infectious anti-

gens, in which excessive neutrophilia is observed at the site of

antigen challenge [51–53]. However, the type of antigen likely

influences the nature of AhR-mediated changes in neutrophil

recruitment, as TCDD-treated mice infected with Streptococcus

pneumoniae have markedly reduced neutrophil recruitment

compared to vehicle-treated mice [54]. Differences in the

consequences of AhR activation during infection with influ-

enza virus and S. pneumonaie may be explained by the action of

pattern recognition receptors (PRRs), which recognize differ-

ent types of pathogens and activate distinct pro-inflammatory

signaling pathways [55]. It is possible that AhR activation

impacts neutrophil recruitment by modulating signaling

pathways important for PRR function or expression, but this

concept has yet to be experimentally tested. Nevertheless, it is

becoming clear that AhR activation impacts pathways that

control neutrophil migration, and as we decipher the under-

lying mechanism new targets for regulating neutrophil

trafficking may be revealed.

An important new concept to emerge from these studies is

that AhR specifically targets regulatory pathways that are

involved in the host’s response to infection, such that they are

primed to respond inappropriately. The basis for this idea stems

from the observation that, in the absence of infection, AhR

activation does not alter the number of neutrophils at the site of

antigen challenge [16,33,51–54]. This suggests that AhR activa-

tion synergizes with or potentiates infection-associated signals

important for neutrophil recruitment. Within the context of

infection with influenza virus, we have systematically exam-

ined mechanisms by which AhR could mediate an increase in

the number of neutrophils in the lungs of infected mice. While

infection increases the expression of soluble chemoattractants

in the lung, TCDD treatment does not further enhancethe levels

of these molecules [33,56]. Furthermore, treatment with TCDD

does not increase expression of adhesion molecules on

neutrophils, endothelial or epithelial cells in the lung [33]. Also

unaffected by AhR activation are the number of circulating

neutrophils, their function, or the level of neutrophil death in

the lung [33,56,57]. Thus, it is likely that AhR activation during

viral infection targets a novel pathway for neutrophil recruit-

ment, which has yet to be identified.

While AhR activation does not affect the levels of known

neutrophil chemoattractants, it does increase levels of the

important anti-viral cytokine interferon (IFN)-g in the lungs of

mice infected with influenza virus (Fig. 2B). However, the

number of neutrophils in the lung is the same in infected wild-

type and IFN-g-deficient mice treated with TCDD. This

indicates that elevated IFN-g levels do not underlie the

increased recruitment of neutrophils [56]. Instead, we have

recently discovered that it is the neutrophils themselves that

produce much of the excess IFN-g in the infected lung [58],

which suggests that AhR-mediated increases in IFN-g levels

may be due to the elevated number of IFN-g producing cells

rather than a direct impact on IFN-g gene expression.

Interestingly, in the same timeframe in which pulmonary

neutrophilia and IFN-g levels are increased, there is enhanced

expression of inducible nitric oxide synthase (iNOS) in the

lung. AhR-mediated increases in iNOS are observed in alveolar
macrophages as well as lung epithelial cells, suggesting AhR

targets immune and non-immune cells of the lung. Increased

iNOS expression has been associated with influenza-mediated

pathology, and its product, nitric oxide (NO), has been

implicated as a mediator of both beneficial and detrimental

effects during viral infections [58–62]. Similar to increases in

neutrophil recruitment and IFN-g levels in the lung, AhR

activation alone is not sufficient to induce iNOS. A second

signal, in this case viral infection, appears to be required,

which again suggests AhR influences the nature of the

response to viral infection. One explanation for increased

iNOS is that it is downstream of elevated IFN-g, which is a

known inducer of iNOS expression [63]. However, recent

studies using iNOS-deficient mice revealed that AhR-mediated

excesses in IFN-g production during influenza virus infection

requires iNOS expression [58]. Therefore, it appears that AhR

activation stimulates a novel, iNOS-dependent pathway for

IFN-g production in the lung by neutrophils. These findings

also highlight iNOS as a potentially new AhR target gene.
5. AhR activation suppresses adaptive
immune responses to infection with influenza
A virus

During primary infection, AhR activation with TCDD pro-

foundly suppresses the clonal expansion and differentiation

of influenza virus-specific CD8+ T lymphocytes (Fig. 2C).

Reduced clonal expansion of virus-specific CD8+ T cells

correlates with diminished virus-specific cytolytic activity

and fewer CTL in the lung [26,32,64,65]. In addition to acquiring

the ability to kill virus-infected cells, activated CD8+ T cells

make IFN-g, which plays an important role in cell-mediated

immunity to viral infection [66,67]. Exposure to TCDD reduces

the number of CD8+ T cells that produce IFN-g and decreases

the level of IFN-g produced by cells in the lymph node,

providing yet another indicator of suppressed CD8+ T cell

differentiation (Fig. 2D) [64]. Recent studies show that the

response of CD8+ T cells is impaired by an indirect mechanism,

because isolated CD8+ T cells from AhR�/� mice remained

sensitive to TCDD-induced suppression when adoptively

transferred into congenic AhR+/+ recipients [26]. Thus, events

within accessory cells that direct the activation of virus-

specific CD8+ T cells are likely direct targets of AhR ligands,

and deregulated function of these cells results in the impaired

response of CD8+ T cells during influenza virus infection.

Current understanding of mechanisms by which AhR mod-

ulates T cell function is reviewed in this same issue and will

therefore not be reviewed here [68].

Other aspects of the adaptive immune response to viral

infection affected by AhR activation are the increase in the

number of CD4+ T cells in the lymph node and lung, and the

production of influenza virus-specific antibodies by B cells.

Similar to the clonal expansion of CD8+ T cells, the number of

CD4+ T cells increases upon infection, and exposure to TCDD

decreases this response [41]. The significance of this reduction

is not yet clear. During primary infection, the generation of

influenza virus-specific CD8+ CTL does not require the

presence of CD4+ T cells; however, CD4+ T cells are essential

for antibody isotype switching and help to generate and
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maintain immunological memory (including anti-viral mem-

ory CD8+ T cells) [69–71]. Therefore AhR-mediated decreases in

the response of CD4+ T cells likely impact these important

aspects of anti-viral immunity. In support of this idea, levels of

virus-specific IgG subtypes are significantly reduced in

infected, TCDD-treated mice [16,40,72]. Although the mechan-

ism by which AhR modulates B cell activation and antibody

production is not entirely clear, B cells are probably directly

affected, and reduced IgM and IgG levels are regularly

observed after in vivo and in vitro exposure TCDD and other

AhR ligands [19,73–76]. In contrast to the reduction in IgM and

IgG levels, virus-specific IgA levels are elevated by TCDD

exposure. The increase in IgA levels is probably not unique to

the response to influenza virus, as it has been reported in rats

and humans following exposure to TCDD [8,77]. However it is

not known how AhR activation causes this increase.

After the resolution of a primary influenza virus infection, a

pool of memory lymphocytes remain, which upon re-infection

quickly respond and clear the virus more rapidly than during a

primary infection. Given that AhR activation suppresses the

primary immune response, it is logical to expect a reduced pool

of memory cells. Indeed, this appears to be the case. A single

dose of TCDD during primary infection reduces the number of

virus-specific memory CD8+ T cells by about 50% [26,72]. This

decrease is likely a direct result of the reduced differentiation of

virus-specificCD8+ Tcellsduringprimary infection,butdoesnot

substantially impact the responsive capacity of the memory

CD8+ T cells generated. In other words, AhR-mediated differ-

ences in memory CD8+ T cells are not due to obvious defects in

function, but rather a reduced number of these cells [26]. As a

result, although the population of memory cells is significantly

decreased, secondary viral infection is cleared from the lungs.

While the impact of AhR activation on the generation or

function of virus-specific memory CD4+ T cells has not been

explicitly examined, exposure to TCDD reduces the production

of influenza virus-specific IgG [16,40,72]. Similar to effects on

CD8+ T cells, the effects of TCDD on antibody levels are

persistent, and upon re-infection the rise in virus-specific IgG

is delayed by over a week [72]. In contrast, virus-specific IgA

levels are elevated during primary infection and relatively

unaffected upon recall challenge. While it is clear that AhR

activation affects the function of B lymphocytes, how these

alterations in virus-specific antibody profiles affect host

protective memory and vaccine efficacy has not been fully

explored. Furthermore, although mice infected with rodent-

adapted strains of influenza virus were able to survive a second

infection, these studies were conducted using relatively mild,

laboratory adapted viral strains. Given that influenza viruses

continue to evolve as a result of spontaneous point mutations,

genetic reassortment, and interspecies transmission, AhR-

mediated reductions in memory responses may become

relevant considerations in the context of newly emerging

strains of virus; however to date this has not been addressed.
6. AhR activation does not impair viral
clearance from the lung

Another interesting observation is that AhR activation by

TCDD does not result in higher pulmonary viral titers
[17,41,42]. At least in the context of primary infection, this

is probably not due to elevated IgA levels because this is not

observed until after viral clearance has been achieved.

Instead, viral clearance is likely mediated by a combination

of other mechanisms. We have shown that although greatly

reduced in number, the few CTL that get to the lung in TCDD-

treated mice are able to kill virus-infected cells [42]. This

suggests that even though reduced in number, CTL are

produced and can eliminate virus-infected cells from the

lung. Additionally, AhR activation during influenza virus

infection increases the recruitment of neutrophils to the lung

and increases in the levels of IFN-g and iNOS expression in the

lung. Although not classically considered as host defenders

during viral infection, neutrophils directly and indirectly

reduce lung viral burden [36,44,78]. Likewise, IFN-g and iNOS

have been shown to stimulate anti-viral mechanisms and

contribute to host resistance to viral infection [60,79]. Thus,

despite profound reduction in adaptive responses to infection,

virus is likely cleared from the lung by a combination of innate

and adaptive mechanisms. When put into the context of

public health, the collective action of these redundant host

protective mechanisms provides good news: even in the face

of profound suppression of adaptive immunity, viral clearance

can be achieved. Again, the caveat is that these studies were

conducted using relatively mild, mouse-adapted strains of

virus. This concept has not been tested with other strains of

influenza virus, or in other models of viral infection.
7. AhR activation has direct and indirect
effects on leukocyte function

To determine the mechanism that underlies AhR-mediated

modulation of innate and adaptive immune responses during

primary infection with influenza A virus, AhR�/� ! AhR+/+

bone marrow chimera mice were generated. Use of this

experimental approach has revealed that AhR activation

disrupts immune function both directly and indirectly.

TCDD-mediated suppression of the expansion and differen-

tiation of influenza virus specific CD8+ T cells requires the

presence of AhR in bone marrow-derived cells (Fig. 3A and B).

When combined with data showing that AhR activation does

not affect CD8+ T cells directly, these findings indicate that

AhR targets an accessory cell type within the immune system

that is critical for CD8+ T cell activation. DCs are an important

accessory cell type and are critical for activating naı̈ve CD8+ T

cells [79]. Although not examined in the context of viral

infection, AhR ligands impact DC phenotype, function and

number in other model systems [80–86] suggesting that

decreased DC function or number could explain suppression

of CD8+ T cell responses. Another possible direct target for AhR

that could adversely affect CD8+ T cell expansion are

CD4+CD25+ regulatory T cells (Treg). AhR activation by several

different ligands has been reported to impact the differentia-

tion and development of Treg as well as IL-17 producing T

helper cells (Th17 cells) [87–91]. Although knowledge of Treg

and Th17 cell function during influenza virus infection is

limited, there is growing evidence that regulatory CD4+ T cell

subsets play an important role in controlling CD8+ T cell

responses to other viruses [92,93]. Thus, in addition to DC,



Fig. 3 – AhR activation has direct and indirect effects on bone marrow-derived cells. Bone marrow chimeric mice were

generated by reconstituting irradiated B6.CD45.1 AhR+/+ mice with bone marrow from either B6.CD45.2 AhR+/+ (AhR+/

+! AhR+/+) or B6.CD45.2 AhRS/S (AhRS/S! AhR+/+) mice. 4–5 weeks after transplantation, mice were treated with 10 mg/kg

TCDD (T) or vehicle control (V) and infected with influenza virus as described in Fig. 2. Mice were sacrificed 7 (C–F) or 9 (A

and B) days after infection. Bars represent the average number (WS.E.M.) of cells that are CD45.2+ (donor-derived), as

determined by flow cytometry and show analyses of NP344–374/Db-specific CD8+ T cells in the MLN (A and B), and CD45.2+Gr-

1+ cells (neutrophils, C and D) and CD45.2+IFN-g+ cells (E and F) in the lung. IFN-g+ cells were detected by intracellular

staining after in vitro re-stimulation of lung-derived immune cells. *Denotes a statistically significant difference between

treatment groups (n = 6–8 mice/group/day); p = 0.05).
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AhR-mediated alterations in the function of regulatory CD4+ T

cell subsets could affect CD8+ T cell expansion during

influenza virus infection.

In contrast to suppression of CD8+ T cell function, AhR

activation in bone marrow-derived cells is not required for

TCDD treatment to increase neutrophil recruitment to and

IFN-g levels in the lung during influenza virus infection

(Fig. 3C–F). This suggests that signaling pathways within cells

extrinsic to the immune system are also targets of AhR

activation, and that AhR’s affects on these non-hematopoietic

targets have profound consequences on innate immune

responses. Furthermore, AhR-mediated iNOS expression,

which has been shown to be important for AhR-mediated

increases in IFN-g production by neutrophils, is enhanced in

structural cells of the lung even when AhR is absent from bone

marrow-derived cells [58]. Therefore, the search for the

mechanism underlying AhR-mediated increases in innate

responses, such as neutrophil recruitment, IFN-g production

and iNOS expression, should focus on non-hematopoietic

cells. In the context of infection with influenza virus, likely

non-hematopoietic cellular targets of AhR ligands include

lung epithelial cells and pulmonary endothelial cells. Thor-

ough examination of AhR expression in specific subpopula-

tions of cells within the lung has not been reported. However,

AhR is present in the lung, and TCDD directly impacts gene

expression within lung cells, including airway epithelial cells,

endothelial cells and Clara cells [37,57,94–96].

Thus, using influenza virus as a model of respiratory viral

infection, these studies reveal that AhR activation affects

immune function in a complex manner, in which innate and
adaptive responses are modulated through distinct mechan-

isms. AhR-mediated increases in neutrophil recruitment and

IFN-g production in the lung are caused by events extrinsic to

bone marrow-derived cells, with the likely targets being

structural cells of the lung. In contrast, suppression of CD8+

T cell responses to infection occurs as a direct result of AhR

activation within bone marrow-derived cells. These findings

are exciting, and reveal the existence of AhR-sensitive

immunomodulatory pathways not only within bone mar-

row-derived cells but in non-hematopoietic cells as well.

Therefore, to fully understand how AhR modulates the

function of the immune system, future studies need to

consider how AhR impacts both hematopoietic and non-

hematopoietic cells, and how changes in these distinct tissue

compartments converge to impact host responses to infection.
8. AhR-mediated effects on other aspects of
viral infection

Although exposure to TCDD reduces survival following

infection with other viruses, specific effects of AhR activation

on the immune response to other viruses have not been

explicitly examined in vivo. However, given that TCDD and

other AhR agonists have well documented immunomodula-

tory properties in a variety of in vivo systems [32], it is likely

that AhR activation will result in similar alterations in innate

and adaptive immune responses to other viruses. In addition

to affecting immune responses to viral infection, there is

evidence that AhR interacts with viral proteins and impacts
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viral latency. These effects, while only explored in a handful of

studies, suggest that AhR may impact additional aspects of

viral infection beyond influencing innate and adaptive

responses. For example, it was recently reported that the

Epstein-Barr virus (EBV)-encoded nuclear protein EBNA-3

interacts with the AhR and XAP-2 [97,98]. This is an intriguing

discovery because EBNA-3 plays a role in the transformation of

infected B cells [99], and although the underlying mechanism

is not known, TCDD exposure is a risk factor in the

development of non-Hodgkin lymphoma and other forms of

cancer [100,101]. EBNA-3 associates with AhR regardless of

whether AhR has a ligand bound; however, in the presence of

TCDD EBNA-3 enhances AhR-driven transcription [98]. The

association of EBNA-3 with AhR may be via XAP2. XAP2 is

believed to help retain the un-liganded AhR in the cytoplasm;

however, in the presence of EBNA-3, XAP2 translocates to the

nucleus. This suggests that EBNA-3 influences AhR-regulated

genes by enhancing the transcriptionally-active form of the

AhR and helping to retain AhR in the nucleus. Whether AhR

activation affects EBV-regulated cellular pathways or disrupts

the immune response to acute EBV infection remains to be

determined, but these studies suggest a merging or synergy

between AhR- and EBV-regulated mechanisms that control

cellular function. In addition to suggesting that AhR may

interact with viral proteins in interesting ways, these

observations may also partially explain the relationship

between AhR activation and some forms of cancer.

Although only addressed in a small number of studies,

there is also evidence that AhR activation triggers the

replication of latent viruses. In several reports, treatment

with different AhR agonists enhanced human immunodefi-

ciency virus (HIV) gene expression and secreted p24 levels

[102–105]. Using mutant AhR constructs and a dominant

negative AhR, this effect on viral latency was shown to be AhR-

dependent [104]. Evidence for cross-talk between AhR with NF-

kB has been provided by some of these studies [102,103], but

not in others [104], which leaves the mechanism by which AhR

influences HIV latency uncertain. In a separate model system,

AhR activation increased replication of latent CMV and

enhanced CMV-related cytopathic effects [106]. Whether

AhR ligands influence the replication of latent viruses in vivo

has not been reported, but given keen interest in under-

standing mechanisms that control viral latency these reports

highlight the need to advance this line of inquiry.
9. Conclusions

There is still much to learn about how AhR influences host

responses to viral infection. There are clearly multiple

molecular targets that underlie AhR-mediated regulation of

innate and adaptive immune responses. The increased

recruitment of neutrophils, production of IFN-g and iNOS

expression associated with AhR activation are caused by

events extrinsic to hematopoietic cells, and suggest that AhR

affects signaling within endothelial and epithelial cells.

However, AhR-mediated suppression of virus-specific CD8+

T cells is deregulated by mechanisms that involve direct

events within bone marrow-derived cells. Furthermore, AhR

activation appears to target mechanisms that regulate other
aspects of host cell–virus interactions, although these have

received less attention. Among the many aspects that remain

to be determined are the precise cellular targets, pathways,

and mechanisms by which AhR activation causes these

effects.

Given that the AhR is a ligand-activated transcription

factor, it has become widely accepted that all actions of the

AhR result from changes in gene expression [35,107,108]. Much

effort to understand transcriptional regulation by AhR has

focused on a mechanism that involves nuclear translocation

of ligand bound AhR, association with Arnt (HIF-1b) and

binding to AhRE [35,108]. In addition to this canonical pathway

of AhR-mediated transcriptional regulation, alternative path-

ways for AhR-mediated changes in cellular function have

recently been proposed in which ligand-bound AhR interacts

with other signaling pathways. Proposed alternative mechan-

isms include the interaction of AhR with proteins that affect

cellular function, such as NF-kB, immunophilins, CCAAT-

enhancer box binding protein beta (C/EBP-b), estrogen

receptor (ER)a, and retinoblastoma protein [83,109–114]. Thus,

it is possible that AhR participates in multiple pathways

during the immune response to viral infection, and the precise

pathway affected depends on multiple parameters including

virus type and the site of infection.

Although AhR likely impacts anti-viral immune responses

via changes in transcriptional activation, the affected genes

have yet to be identified. In other experimental systems, AhR

activation alters the expression of several immunoregulatory

genes, and putative AhRE have been identified in the

enhancer/promoter regions of a handful of cytokine genes

[115–118]. However, a cause-and-effect relationship between

possible AhR-mediated changes in gene expression and

immune function has yet to be made. Moreover, AhR-

mediated changes in gene expression in virally infected cells

and tissues have not been examined. Given that viruses

commonly impact gene expression by host cells, the interplay

between AhR and viral mechanisms could present a complex

profile of affected genes. Thus, it will be critical to experi-

mentally distinguish direct targets of AhR activation from

bystanders and downstream effects of virus-mediated mod-

ulation of the host response. Furthermore, most of what we

know about AhR-mediated deregulation of anti-viral immune

responses has been examined in the context of respiratory

infection with influenza A virus. Consequently, there are

significant gaps in our knowledge regarding how AhR

activation impacts host–virus interactions and immune

responses to infection at other anatomical sites. Future work

should therefore address these understudied areas and

determine the consequences of AhR activation during the

immune response to other viruses and at other anatomical

sites.

Given that immune suppression by exposure to AhR

ligands, such as TCDD, has been known for a long time,

suppression of adaptive responses to infection with influenza

virus is not surprising, as it is the expected outcome. However,

the idea that AhR activation enhances aspects of the host’s

response to infection, and does so via affecting targets

extrinsic to the immune system, presents a newer and

broader idea of AhR as a modulator of immune function.

For example, the ability of to AhR influence the influx of
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neutrophils into the lung by targeting signaling pathways

within the lung is a novel idea, with broad implications for

health. Neutrophils aid in the resolution of infection, yet

excessive recruitment generally has adverse effects. The

mechanisms that control excessive neutrophil recruitment

during viral infection remain poorly characterized. Discover-

ing how AhR affects epithelial and endothelial cells to

modulate neutrophil recruitment will reveal critical targets

that control the balance point between too much and not

enough inflammation during viral infection.

In addition to understanding how pollutants deregulate

anti-viral immunity and contribute to poorer clinical outcomes,

mechanistic understanding of how AhR agonists modify host

responses involved in combating viral infection is important

because it will provide new information regarding specific

aspects of the disease process that are susceptible to modula-

tion. In fact, identification of molecular targets of environ-

mental toxins, such as TCDD, has already revealed novel

pathways for potential new drugs and therapeutic strategies to

modify host responses to antigen challenge [85,89,90]. Current

challenges are to move beyond the study of TCDD as a pollutant

and understand the biology of AhR as a regulator of host

responses to viral infection. Indeed, given that many of the

same immunoregulatory pathways are activated in response to

other types of antigens, it is quite likely that delineating the

mechanisms of AhR-mediated immune modulation in the

context of responses to viruses will stimulate new therapies to

aid in the treatment of other diseases.
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